HAND2 is a basic helix-loop-helix (bHLH) transcription factor expressed in numerous tissues during development including the heart, limbs and a subset of neural crest derivatives.
best characterized of these repressors are members of the Enhancer of split/Hairy family of repressors (11, 12) . bHLH proteins most commonly bind a DNA motif called an E box (CANNTG), first identified as an essential element in immunoglobulin heavy chain gene regulation (8) . The Ebox element has been identified as essential for the regulation of a wide array of genes in neurons, muscle and other tissues. Due to its low level of complexity, E-boxes are found in high numbers throughout the genome, however, the central two bases and sequences flanking the E box provide additional DNA binding specificity.
Within the tissue-restricted class of bHLH factors, groups of proteins share similarities in sequence and expression patterns. Although members of these families often share overlapping expression patterns, they have different functions. For example, members of the twist related bHLH subfamily that includes twist (9) , Dermo-1 (10), scleraxis (11) , paraxis (12) , HAND1 (13) (14) (15) ) and HAND2 (16) , are all expressed in mesodermal derivatives. Gene targeting analysis has shown that these bHLHs affect development of overlapping and distinct mesodermal lineages.
Although expressed predominantly in mesodermally derived tissues, they can also function to affect development and tissue-specific gene expression in other lineages.
The two HAND bHLH transcription factors were cloned in several laboratories and called eHAND/dHAND (13, 16) , Th1/Th2 (15) and ext/exd (14) . During embryogenesis they are expressed in numerous tissues including the heart, neural crest derivatives, smooth muscle and extraembryonic lineages suggesting they play a role in the development of both mesodermal and non-mesodermal lineages. The expression patterns of the HAND genes is reflected in the distinct phenotypes produced by gene ablation through site directed mutagenesis (17) (18) (19)(Cserjesi, unpublished observations). HAND1 null mice have extensive defects in the development of extraembryonic lineages leading to early embryonic lethality while HAND2 null embryos succumb to cardio-vascular defects.
While the biological importance of HAND2 during development has been well established, the molecular mechanism of HAND2 function has not been examined extensively.
It has been shown that HAND1 and HAND2 can interact to form a heterodimer and unexpectedly that HAND2 also homodimerizes (20) . HAND1 and HAND2 contain several regions of high sequence similarity including almost complete identity in the HLH region suggesting the two proteins share some common functions. However, in their basic domain they share only 62% overall identity, and no identity in the core amino acids identified as essential for DNA sequence recognition in a number of bHLH factors. This suggests HAND2 binds a different DNA sequence and regulates different target genes.
To better understand the differences between these proteins and their molecular basis of action, we have undertaken an analysis of HAND2 activity. We find that HAND2 activates gene expression through a transcriptional activation domain located in the N-terminal region that can be masked by intra or intermolecular interactions. Using cyclic amplification and selection of targets (CASTing) (21) we determined that HAND2 binds an E-box distinct from that bound by HAND1. E-box specific binding is dependent on heterodimer formation with E-proteins. We show that the consensus sequence for this E-box supports HAND2 dependent transcription in vivo. Our analysis suggests that HAND2 forms a homodimer in vitro but functions as a heterodimer with E-proteins in vivo and functions to activate transcription through binding a subset of E-boxes as a heterodimer with the broadly expressed E-proteins. Plasmids--The following constructs were generated: The original HAND2 cDNA clone was obtained from a pLox mouse embryo cDNA library. pBSKII-H2-7: The 1.2 kb cDNA insert was subcloned as an EcoRI and HindIII fragment into Bluescript vector (Stratagene). pRSET2b-His-HAND2: The coding region of HAND2 was amplified by PCR from pBSKII-H2-7 using the primers 5'-GGAAGGCGCCATGGGTCTGGTGG-3' and 5'-TCTGGCGCCATGGCCCCCG-3' to simultaneously add NcoI restriction sites at the start of translation and after the stop codon.
The PCR product was cloned into the NcoI site of pRSET2b (Invitrogen). pGEX2TK-GSTdHAND: NcoI fragment of HAND2 from pRSET2b was end-filled with Klenow and cloned into the SmaI site of the pGEX2TK (Pharmacia). pcDNA-His-HAND2: The BamHI and EcoRI fragment from pRSET2B-HAND2 was cloned into BamHI and EcoRI sites in pcDNA-His B (Invitrogen). pAS2-HAND2: The NcoI HAND2 fragment from pRSET2b-His-HAND2 was cloned into the NcoI site of pAS2 (Gift of Steve Ellidge, Baylor Collage of Medicine). pSG424-HAND2: HAND2 was excised from pRSET2b-His-HAND2 as an Nco I fragment, end-filled with Klenow and cloned into pSG424-Gal4 vector at the Smal I site fusing HAND2 in frame with the DNA binding domain (DBD) of Gal4.
Generation of N-terminal deletions of HAND2 was by PCR synthesis using pSG424- pTATA-Luc: The rat alpha-myosin TATA box (5'-AGCTTCGTGCAGTATAAAGGG-3') was cloned into the HindIII site of pGL2 basic (Promega) (22) . 6HE-alpha-myosin-Luc: 6 copies of the HAND2 E-box were clones upstream of the TATA box of pTATA-Luc.
Antibody production--HAND2 specific antibodies were generated in rabbits against a synthetic peptide (VKEEKRKKELNEILK) corresponding to a region in the N-terminal portion of the protein using standard procedures (Research Genetics). Rabbit serum was tested for specificity by western blot analysis on bacterially produced HAND1 and HAND2 protein. In vitro translation--HAND2 and E12 proteins were synthesized in vitro using the TNTcoupled Rabbit Reticulocyte Lysate system (Promega) using T7 RNA polymerase transcription of pRSET2b-His-HAND2 and pBS-E12. The size of translated proteins was confirmed by SDS-PAGE using 35 S-labeled proteins synthesized in parallel. Transfection--Cells were plated to 20-40% confluence 12-18 hr prior to transfection.
Bacterial expression of HAND2--
Cells were transfected by calcium phosphate precipitation. Transfection was performed at a reporter to activator ratio of 1:2. Cells were harvested 48 h post-transfection and lysates assayed for CAT activity and normalized for transfection and assay efficiencies using β-galactosidase activity. For luciferase assays, COS-7 cells were grown in 6-well cell culture plate and transfected with plasmids using Lipofectamine-Plus (Gibco-BRL) for 5 hours in serum-free DMEM then cultured for additional 24 to 48 hours in media containing 10% fetal bovine serum.
Cells were lysed, analyzed for luciferase, and normalized for transfection efficiency using β-galactosidase activity. Plasmids from positive colonies were transfected into a leuB HB101 strain of E. coli by electroporation. DNA from 80 positive clones was sequenced and the sequences analyzed for homology to known clones using the GenBank.
Yeast two-hybrid screen--

RESULTS
HAND2 Contains a Strong Activation Domain Located in the Amino Terminal Region--
The demonstrated ability of HAND2 to regulate developmental events suggests that like other To further delineate the N-terminal transcriptional activation domain, we generated a series of deletions within the HAND2 N-terminal region (Fig. 1B) . Deletions were generated within the first 85 amino acids of by PCR and the resulting sequence cloned in frame to the Gal4-DBD. These deletion constructs were tested by co-transfection into COS-7 cells with the HAND2 interacting clones tested positive in subsequent re-screens ( Table 2) . Members of the Eprotein family were the most highly represented class of HAND2 interacting proteins and a number of different family members were represented. These include, E47, E12, and ITF2a.
Interaction of HAND2 and E-Proteins in vivo and in vitro--
It has been reported that HAND2 forms homodimers with HAND2 and heterodimerizes with HAND1 in yeast (20) . Our screen confirmed that HAND2 forms homodimers since HAND2 represents 14% of the clones isolated. Although HAND1 transcript is also expressed at comparable levels to HAND2 in neuro 2a cells (data not shown), we did not identify HAND1 in our yeast two-hybrid screen. Two other clones that were represented at high levels in our screen encoded nucleophosmin/B23 and CENP-B. Nucleophosmin/B23 is a nucleolar protein that has been implicated in regulating the cell cycle (26, 27) . CENP-B is a centromeric protein implicated in chromosome segregation (28). These clones were not tested further. We isolated two clones encoding the protein JAB1. JAB1 was identified originally as a c-Jun and JunD interacting protein that potentiates DNA binding (29). More recently JAB1 was shown to regulate the cell cycle through an interaction with p27Kip1 (30) .
Interaction of HAND2 with E12-Since the yeast two hybrid screen yielded both a large number of E-proteins and HAND2 itself, it remains unclear whether HAND2 functions predominantly as a homo or heterodimer. We further examined the ability of HAND2 to interact with itself or E-proteins. We compared the ability of in vitro synthesized HAND2 or E12 to interact with aGST-HAND2 fusion protein ( Fig. 2A) . Both HAND2 (lane 3) and E12 (lane 6)
show an interaction with GST-HAND2 but not GST alone (lanes 2 and 5). Because of the high sequence conservation within the helix-loop-helix domains of HAND1 and HAND2, we also tested the ability of HAND2 to heterodimerize with HAND1. As reported previously (20) , HAND2 interacts with HAND1 in vitro (data not shown). These results confirm our yeast twohybrid results and demonstrate a direct interaction between HAND2 and E12 and HAND2 with HAND2.
To determine if these in vitro results reflect in vivo interactions of HAND2, we compared the effectiveness of HAND2/E12 and HAND2/HAND2 interactions using a mammalian twohybrid assay. In this assay, the level of transcriptional activity is a measure of the relative strength of interaction between two proteins. In neuro 2a cells transfected with the Gal4-HAND2 construct, transcriptional activity of the Gal4-dependent reporter is enhanced by 12 fold over the Gal4 control (Fig. 2B) . Transfection with Gal4-E12(bHLH) alone, which lacks an activation domain, does not activate the reporter to an appreciable level. When HAND2-VP16
and Gal4-E12(bHLH) are co-transfected, transcriptional activity is enhanced over 60 fold, whereas co-transfection of Gal4-HAND2 and HAND2-VP16 enhances transcription by only 8
fold. These results suggest that while HAND2 can form homodimers in vitro and in yeast, in mammalian cells the functional complex is preferentially a heterodimer with E-proteins. antibody is against a synthetic peptide generated from a sequence in the amino terminal region of HAND2 (HPEMSPPDYSMALSYSPE). The immunoprecipitated DNA-protein complexes were purified and the DNA amplified by PCR. After 5 rounds of repeated selection and amplification the oligonucleotides were purified and labeled with 32 P nucleotides and further enriched for HAND2 containing complexes by gel mobility shift assay (Fig. 3A) . In the presence of both HAND2 and E12 protein, a DNA-protein complex formed with the labeled oligonucleotides (Fig. 3A, lane 2) . The complex is disrupted when the incubation mixture is preincubated with HAND2-specific antibodies prior to electrophoresis (Fig. 3A, lane 3) . Incubation of the selected oligonucleotides with HAND2 protein alone did not generate a HAND2 dependent DNA-protein complex (Fig. 3A , lane 1) suggesting that HAND2/HAND2 are not the functional complexes.
To purify the selected oligonucleotides, the region containing the retarded HAND2/E12-DNA complex was excised, the DNA eluted from the gel, PCR amplified and the products cloned and sequenced. Of 55 sequenced clones, 36 clones contained an E-box sequence (Fig1B).
Clones not containing an E-box motif were tested for binding to HAND2 and HAND/E12 and shown not to bind (data not shown). HAND2 protein alone also did not bind to representative Ebox containing oligonucleotides as a homodimer (data not shown). Most of the E-box containing sequences display a distinct bias in the choice of the middle two bases in the E-box and also in the choice of nucleotides flanking the E-box. The majority of HAND2 E-boxes carry a CATCTG core. However, like other bHLH transcription factors, HAND2 is promiscuous and also bound the E-boxes CATGTG, CACCTG and CACGTG but at lower frequency.
The nucleotide frequency at each position of the selected HAND2 E-box sequences is summarized in Fig1C. Specificity of DNA binding by bHLH transcription factors is determined by both the core variable nucleotides within the E-box as well as flanking sequences. The nucleotides flanking the HAND2 selected E-boxes are also highly conserved. The preferred 5' flanking sequence is 6 G's with a C immediately adjacent to the E-box. The preferred 3'
sequence contains a conserved G that is within the PCR primer sequence flanking the randomized 16 bp sequence. We show that this base is indeed a part of the preferred HAND2/E12 binding site in subsequent mutational analysis of the sequence (Fig. 4) . A combination of a long 5' preferred sequence in combination with this fixed G explains the high bias for the E-box to be located at the 3' end of the randomized sequences. 
HAND2/E12 heterodimer preferentially binds the extended HAND2 E-Box--
The promiscuous nature of DNA binding by many bHLH transcription factors to E-boxes suggests that specificity depends in part on subtle differences in binding affinities. We investigated the requirement for key bases within the selected HAND2 consensus sequence for high affinity binding to the HAND2 selected E-boxes. Within the E-box sequence, the HAND2 CASTing selected four types of CANNTG core motifs, CATGTG, CACCTG, CATCTG and CACGTG.
Since HAND2 homodimers may bind to a small subset of E-boxes that were not detected in EMSA of the total selected oligonucleotides in Fig. 3A , these E-box sequences were tested for their ability to bind with HAND2, E12 and HAND2/E12 proteins by gel mobility shift assay (Fig4A). HAND2 is unable to bind these sites as a homodimer although the CACGTG sequence contains a dyad symmetry that may be expected to bind homodimers. The HAND2/E12
heterodimer binds 3 of the selected E-boxes robustly but binds the E-box CACCTG only weakly.
The CACCTG motif has been shown to bind numerous bHLH factors including the MyoD family of bHLH factors (31) and neurogenic bHLH factor Mash1 (24) . These results highlight the importance of the core E-box sequences in target selection by bHLH factors.
Conservation of the sequences flanking the HAND2/E12 selected E-box sequences suggests that HAND2/E12 specific binding is also affected at these positions. We tested the effect of mutating E-box flanking sequences by gel mobility shift assays (Fig. 4B) . Most HAND2/E12 selected oligonucleotides contain a string of G residues at position -5 to -10 and all but one selected oligonucleotide contain a C at position -4 (Fig. 3C ). All but 2 of the HAND2/E12 selected oligonucleotides contained a G at position +4. As mentioned above, the To test the quantitative effect of the core and flanking E-box nucleotides on HAND2 complex formation, we used competitive gel mobility shift assays (Fig. 4C) . A 32 P labeled HAND2 E-box probe was incubated with HAND2/E12 and the protein-DNA complex was challenged with excess unlabelled oligonucleotides. Changes in the HAND2 E-box flanking sequences wee tested for their ability to compete for the HAND2/E12 complex. Nucleotides upstream of the E-box are the most promiscuous. However, the G at position +4 is essential for high affinity binding. The relative effect of changes is nucleotide-specific. Changing the G to a C at +4 mildly reduced the ability of the mutant oligonucleotides to compete for the HAND2 Ebox but a change to an A abolished all competition. Changes within the HAND2 E-box core consensus sequence had a dramatic effect on their ability to form HAND2 complexes. Changing the T at position -1 to either a G or a C severely inhibited HAND2 from binding the E-box (Fig.   4C ). The specificity of HAND2 binding to a unique extended E-box suggests that during development it regulates a distinct subset of genes containing these sites. 
HAND2 can activate transcription through the high affinity HAND2 E-box element
synergistically with E12 --Our in vitro results indicate that HAND2 binds to a distinct set of Eboxes as a heterodimer with E12. We next determined if the high affinity HAND2 E-box functions in vivo to activate transcription in a HAND2 dependent manner. We generated a HAND2 E-box dependent CAT reporter carrying four copies of the HAND2 E-box site upstream of a thymidine kinase basal promoter. Transient co-transfection of this reporter with a HAND2 expression construct in NIH3T3 cells enhanced transcription 17 fold relative to reporter alone (Fig. 5A ). Since the transcriptional activation domain located in the amino third of HAND2 is masked in the context of the whole protein, we determined if E12 is able to unmask this domain through dimerization. When HAND2 and E12 were co-transfected, the level of transcriptional activity was additive. E12 also activates transcription through this site but to a lesser extent than HAND2 (Fig. 5A ). Since addition of E12 did not increase transcription to the same extent observed with the amino terminal of HAND2 alone, our results suggest that E12 interaction with HAND2 alone cannot unmask the transcriptional activation domain of HAND2.
To examine HAND2 function in the context of a different promoter, we examined HAND2 regulation of transcription via 6 copies of the E-box upstream of a TATA box derived from the α-myosin heavy chain minimal promoter (Fig 5B) . can homodimerize as well as bind numerous E-proteins. As has been reported recently (20) , HAND2 homodimer formation could be a potential regulatory mechanism controlling HAND2-speicificity. However, when we tested the ability of homodimers to form in neuro-2a cells using a mammalian two-hybrid assay we failed to detect a significant interaction. It is possible that the selection of HAND2 dimerization partners is dependent on cell-type specific modifications in a manner analogous to the regulation of E2A encoded bHLH transcription factors (39) . The Eproteins encoded by this gene are widely expressed but are essential primarily for B-cell development. The phenotype in E2A knockout animals appears to be due to dependence for dimerization and DNA binding which is found only in the B-cell environment (40) . Since the E2A gene encodes E12, and its disruption of does not lead to defects in tissues expressing HAND2, it is unlikely that E12 is the only E-protein that interacts with HAND2 in vivo. In addition, we identified numerous E-proteins in our yeast two-hybrid screen suggesting HAND2
can dimerize and potentially regulate transcription with other numbers of the E-proteins family of bHLH factors.
DNA binding by HAND2 in our assays clearly indicates that HAND2 depends on an Eprotein to bind to a subset of E-boxes. To identify gene targets that HAND2 regulates directly, it is essential to define the consensus E-boxes to which HAND2 binds. Using binding site selection, we identified HAND2/E12 binding sites with the consensus sequence of the extended E-box CATCTG. HAND2 like other bHLH factors can bind other E-boxes precociously including CATGTG and CACGTG. Within a mammalian genome a 6 bp element is found far too often to be solely responsible for targeting gene specific transcription. Our results show that the sequences flanking the E-box are also involved in distinguishing HAND2 specific binding sites, and these are critical to DNA binding specificity.
The bHLH regions of HAND1 and HAND2 show a high overall level of sequence similarity. Surprisingly, the sequence divergence that exists is predominantly localized to the basic region. In light of the similarities usually found in the basic domain of most related bHLH 
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